The binding of insulin to its receptor initiates multiple signal transduction pathways regulating such diverse processes as proliferation, dierentiation, glucose transport, and glycogen metabolism. The STAT-family of transcription factors has been demonstrated to play a critical role in gene induction by a variety of hemopoietic cytokines and hormones. Furthermore, constitutive activation of STATs is observed in transformed cells. Here we describe activation of a transcriptional complex binding to a consensus STAT-transcriptional element in response to insulin challenge. This complex is induced rapidly after tyrosine autophosphorylation of the insulin receptor, and is sustained for several hours. Supershift analysis of the insulin-induced complex reveals that it speci®cally contains the transcription factor Stat3. DAN binding of this complex is inhibited by pre-incubation with tyrosine, but not serine/threonine protein kinase inhibitors, whereas transcriptional activation is inhibited by both. Utilising a dominant negative mutant of p21ras we demonstrate that both insulin-induced Stat3 DNAbinding and also transactivation do not require p21ras. Furthermore, although previous studies have suggested a role for MAP kinases (ERKs) and PI-3K in STAT activation, utilising the speci®c MEK inhibitor PD098059 and the PI-3K inhibitor wortmannin, we demonstrate that activation of ERKs or PI-3K are not required for insulin induced Stat3 phosphorylation or transactivation.
Introduction
Challenge of target cells with insulin results in a pleiotropic response that can include cellular proliferation or dierentiation, stimulation of amino acid and hexose uptake, glycogen metabolism, and induction of mRNA and protein synthesis (Rosen, 1987; Roth et al., 1992; Lee and Pilch, 1994) . These eects are initiated by the interaction of insulin with its high anity cell surface receptor followed by autophosphorylation, a critical step since kinaseinactive receptor mutants are unable to mediate many cellular responses (Chou et al., 1987) . Furthermore, activation of the insulin receptor results in the tyrosine phosphorylation of several cellular proteins, most notably insulin-receptor substrate-1 (IRS-1) and the adaptor protein Shc (Sun et al., 1991; Skolnik et al., 1993; Pronk et al., 1993 Pronk et al., , 1994 Ouwens et al., 1994) . Phosphorylated tyrosine residues provide unique binding sites for a subset of proteins containing modular Src homology-2 (SH2) domains (Pawson, 1995) . Insulin-induced phosphorylation of IRS-1 results in binding and activation of phosphatidylinositol 3(OH)-kinase (PI-3(OH) kinase), while phosphorylation of Shc results in the association of grb2-SOS complex . This re-localization of the guanine-nucleotide exchange factor mSOS results in close contact with membrane-bound p21ras. The subsequent exchange of GDP for GTP on p21ras stimulates an intracellular signal transduction pathway involving several well-characterized cytoplasmic protein kinases that act to amplify the initial receptor-mediated signal (Burgering et al., 1993; Denton and Tavare, 1995) .
Although knowledge has recently increased concerning the mechanisms by which insulin activates p21ras and the immediate downstream signalling events, the activation of speci®c transcription factors and resultant gene induction remains relatively unknown. The activation of p21ras signal transduction by a plethora of stimuli can lead to the phosphorylation of a number of transcription factors. These include: c-Jun (Binetruy et al., 1991; Pulverer et al., 1991) , p62 TCF /Elk-1 (Marais et al., 1993) , c-ets-1 (Coer et al., 1993; Galang et al., 1994; Giovane et al., 1994) , NF-IL6 (Nakajima et al., 1993) , c-Fos and c-Myc (Seth et al., 1992) .
More recently a novel nuclear signalling pathway has been described that regulates a large family of transcription factors termed the STATs (Signal Transducers and Activators of Transcription; reviewed; Schindler and Darnell, 1995; Ihle, 1996a) . This pathway was initally described for the interferon receptors (IFN-a and IFN-g) but has subsequently been described for a large range of hemopoietic cytokines, growth factors and hormones. These transcription factors contain SH2-domains and are themselves tyrosine phosphorylated in response to cellular stimulation. This tyrosine phosphorylation of STATs provides both a nuclear localization signal and also allows dimerization critical for DNA-binding (Shuai et al., 1993 (Shuai et al., , 1994 . For receptors containing no intrinsic tyrosine kinase activity, the Janus kinase family (JAKs) appear to be responsible for the activating STAT-phosphorylation Silvennoinen et al., 1993; Watling et al., 1993; Schindler and Darnell, 1995) . However, for growthfactor receptors, which do contain an intrinsic kinase activity, such as the EGF and PDGF receptors, the STAT-phosphorylating activity has not been unequivocally determined (Shuai et al., 1993; Zhong et al., 1994; Coer and Kruijer, 1995; Leaman et al., 1996; Vignais et al., 1996) . Recent data has however indicated that both the EGF-and PDGF receptors are capable of activating STAT-transcriptional activity in the absence of JAK activation (Leaman et al., 1996; Vignais et al., 1996) . Interestingly, several recent studies have proposed a role for p21ras-ERK signal transduction in modulating the JAK-STAT pathway through ERK phosphorylation of a conserved serineresidue necessary for STAT transactivation (reviewed: Ihle, 1996b) .
Recently several studies have implicated activation of STAT transcription factors in the maintenance of the transformed state by various oncogenes. It has been shown that in leukemia cells and lymphoma celllines there is constitutive nuclear localisation, phosphorylation and DNA-binding activity of STAT proteins (Weber-Nordt et al., 1996) . Furthermore, in chronic myelogenous leukemia (CML), cytokineindependent growth of leukemia cells correlates with constitutive Stat5 activation by the Bcr-Abl oncogene in CML patients (Danial et al., 1995; Carlesso et al., 1996; Shuai et al., 1996) . These data have suggested a direct link between oncogenic transformation and cytokine signalling. Furthermore, cells stably transformed by the v-Src oncoprotein exhibited constitutive activation of Stat3 and this activation correlated with Src transformation (Yu et al., 1995) . These ®ndings raise the possibility that Stat3 also contributes to oncogenesis by Src.
To further address the mechanisms by which insulin can induce the expression of target genes we have utilized an NIH3T3 cell-line over-expressing the insulin receptor (A14 cells; Burgering et al., 1991) . Stimulation of these cells with insulin results in a rapid and sustained phosphorylation of the insulin receptor, its major substrate IRS-1 and Shc. We have identi®ed a DNA-binding complex induced by insulin that binds to a consensus STAT transcriptional element. This binding is inhibited by tyrosine-but not by serine/ threonine-kinase inhibitors. Supershift analysis reveals that insulin speci®cally activates Stat3 DNA-binding activity in both A14 cells and 3T3-L1 adipocytes. Furthermore, despite a potent activation of p21ras signal transduction in A14 cells by insulin, use of dominant-negative reagents demonstrated that this signalling pathway is not necessary for Stat3 activation. In contrast to recent reports (reviewed: Ihle, 1996b) , insulin activation of Stat3 can occur in the absence of detectable MAP kinase or PI-3 kinase activity.
Results

Insulin stimulates DNA-binding and transactivation from STAT-transcriptional elements
To determine whether insulin was capable of activating members of the STAT-family of transcription factors, we utilized an NIH3T3 cell line stably transfected with the insulin receptor (A14, 3.0610 5 /cell; Burgering et al., 1991) . These cells respond rapidly to insulin by receptor autophosphorylation, IRS-1 and Shc phosphorylation, p21ras activation and induction of downstream kinase cascades resulting in MAP kinase activation (Pronk et al., 1992 de Vries-Smits et al., 1992; Coer et al., 1995a) . To analyse the potential activation of STAT transcription factors we performed a gel retardation assay on insulin stimulated A14 cells. As a probe, a palindromic IL-6/ IFN-g response element (pIRE) from the ICAM-1 promoter was utilized. We have previously demonstrated that this consensus STAT-binding site is capable of binding both Stat1 and Stat3 and heterodimers thereof and is responsible for mediating the eects of IL-6 and IFN-g on this promoter (Caldenhoven et al., 1994) . A 32 P-labelled pIRE oligonucleotide was incubated with nuclear extracts from A14 cells treated for increasing periods of time with insulin. As shown in Figure 1a , no pIRE binding activity was observed in nuclear extracts isolated from untreated cells. Stimulation with insulin lead to a dramatic induction of a DNA-binding complex which was maximal at 15 min, sustained for several hours and returned to basal levels within 20 h ( Figure 1a ). This long-term DNA-binding is in marked contrast to that observed on the same transcriptional element in HepG2 cells treated with IL-6 which returns to basal levels within an hour (Caldenhoven et al., 1994) . Insulin treatment also results in rapid and long-term activation of the insulin receptor (INS-R) itself as measured by receptor tyrosine phosphorylation ( Figure  1b) .
To determine whether insulin is also capable of inducing transactivation from this STAT-binding element (pIRE), A14 cells were transiently transfected with thymidine kinase (tk) promoter constructs containing 16 or 26 copies of the pIRE. While the control empty vector (without pIRE enhancer) was not inducible by insulin, activity of the 16IRE and 26IRE constructs was clearly induced (Figure 1c ). Taken together, these results suggest that insulin is indeed capable of inducing both DNA-binding activity and transactivation of a STAT-binding transcriptional element. To further analyse whether pIRE activation was speci®c we examined the dose-response. Indeed, increasing amounts of insulin resulted in a corresponding increase in pIRE-mediated CAT production ( Figure 1d ).
To de®ne binding speci®city of the insulin-induced binding complex, competition experiments were performed in a gel-retardation experiment (Figure 2 ). Addition of excess unlabelled pIRE probe completely inhibited the formation of the insulin-induced complex. As a control, competition was performed with a mutant pIRE that can no longer bind STAT-family members (mIRE; Caldenhoven et al., 1994) . This oligonucleotide had no eect on induced binding activity. Furthermore, in order to determine whether the insulin-induced complex was able to bind other STAT-binding elements from other promoters, we utilized oligonucleotides designed from both the a 2 -macroglobulin promoter and the c-fos promoter The cfos gene is rapidly induced by insulin in a variety of cell-types (Campos and Baumann, 1992; Medema al., 1992; Heindenrich et al., 1993; Olson and Pessin; 1994; Jhun et al., 1995) and the a 2 -macroglobulin promoter has been demonstrated to contain a potent STATbinding site Yuan et al., 1994) . As can be seen in Figure 2 , these STAT-binding elements are both able to potently compete, and therefore bind, the insulin-induced DNA-complex. This observation may indeed provide a mechanism by which insulin can rapidly induce c-fos expression in responsive cells.
Insulin speci®cally activates Stat3
As mentioned, we have previously demonstrated that the pIRE is capable of binding both Stat1, Stat3 and heterodimers thereof (Caldenhoven et al., 1994) . To resolve which STAT transcription factor is responsible for the DNA-binding activity observed after insulin stimulation, we performed supershift analysis of pIRE binding complexes (Figure 3a) . Nuclear extracts were prepared from insulin-treated A14 cells, IFN-g-treated HepG2 cells and EGF-treated A431 cells. These extracts were pre-incubated with antisera speci®c for either Stat1a or Stat3. Results clearly demonstrate that in A14 cells the Stat3-speci®c antibody eectively Insulin activates a pIRE binding activity. (a) A14 cells were either treated or untreated with insulin (1 mg/ml) for the indicated times and nuclear extracts isolated. 5 mg of nuclear extract was mixed with double-stranded 32 P-labelled ICAM-1 pIRE oligonucleotide and analysed by a gel retardation assay as described under Materials and methods. The arrow indicates a speci®c insulin-inducible pIRE-binding complex. (b) A14 cells were either untreated or treated with insulin (1 mg/ml) for the indicated times and the insulin receptor-b was immunoprecipitated. Samples were separated by 10% SDS ± PAGE, transferred to membrane and probed with anti-phosphotyrosine monoclonal antisera . (c) A14 cells were transfected with 6 mg of either tkCAT, 16IRE-tkCAT or 26IRE-tkCAT reporter construct together with 4 mg pSV 2 -lacZ as an internal control for transfection eciency. Transfected cells were stimulated with insulin (1 mg/ml) for 16 h. CAT assays were performed on samples corrected for b-galactosidase activity. Data represents the mean of three independent experiments+s.e.m. (d) A14 cells were transiently transfected with 26IRE-tkCAT reporter construct. Cells were stimulated for 16 h with insulin at the indicated concentrations. CAT assays were performed on samples corrected for b-galactosidase activity. Data represents the mean of three independent experiments+s.e.m.
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50 100 10 50 100 10 50 100 10 50 100 IRE mIRE α 2 M SIE Figure 2 Insulin-induced complex binds STAT-binding sites speci®cally. A14 cells were either treated or untreated with insulin (1 mg/ml) for 15 min. 5 mg of nuclear extracts were incubated either in the absence or presence of 106, 506 or 1006 molar excess of competitor oligonucleotide as indicated before being mixed with double-stranded 32 P-labelled ICAM-1 pIRE oligonucleotide and analysed by a gel retardation assay as described under Materials and methods supershifted the pIRE-binding complex induced by insulin ( Figure 3a) . In contrast an antibody speci®c to Stat1a did not react with the insulin-induced complex. In HepG2 cells, the same pIRE oligonucleotide probe is capable of strongly binding IFN-g induced Stat1a as demonstrated by supershift analysis (Figure 3a) , while in A431 cells the pIRE element is demonstrated to bind both Stat1, Stat3 and heterodimeric complexes. Finally, to determine if in A14 cells it was indeed possible to activate a Stat1 DNA-binding activity, we treated these cells with IFN-a as indicated (Figure 3b ). Here we see that the insulin-induced complex migrates with the IFN-a induced Stat3 complex (complex-A). However, in contrast to insulin in A14 cells, IFN-a is also capable of inducing Stat1 and heterodimeric complexes binding to the pIRE probe (complex-B, complex-C). This STAT-induction pattern is reminiscent of that observed with EGF in A431 cells (Figure 3a) . Thus A14 cells do not lack functional Stat1a. These data clearly demonstrate that insulin is only capable of activating Stat3 in A14 cells which is in marked contrast to IFN-a. Furthermore, we and others have previously demonstrated that in NIH3T3 cells stably transfected with the EGF receptor (Her14 cells), challenge with EGF results in a potent and rapid activation of Stat1, Stat3 and heterodimers thereof Coer and Kruijer, 1995) . Together these data demonstrate that insulin appears to speci®cally target Stat3 and is incapable of activating Stat1.
To determine if insulin was capable of activating STAT DNA-binding in cells expressing endogenous insulin receptor we utilised 3T3-L1 adipocytes. Nuclear extracts were prepared from untreated and insulin treated adipocytes and bandshift analysis performed ( Figure 3c ). As a control, CNTF-treated P19 EC cell nuclear extract was prepared (known to stimulate Stat3 DNA-binding; PC and AvP submitted). It can be clearly seen that insulin stimulates STAT DNA-binding activity in 3T3-L1 adipocytes and that this co-migrates with the Stat3 complex induced by CNTF in P19 EC cells. Furthermore, preincubation of the nuclear extract with Stat3 speci®c antisera resulted in supershift of the binding complex demonstrating that in these cells Stat3 is also activated.
Insulin-induced DNA-binding activity requires tyrosine but not serine kinase activity and is independent of p21ras
The binding of insulin to its receptor elicits a variety of cellular responses and a variety of protein kinase activities have been implicated in insulin-induced signal transduction. We wished to analyse how these protein kinase activities may regulate transcriptional induction by insulin-induced Stat3. We and others have demonstrated that Stat3 undergoes both tyrosine and serine phosphorylation in response to several stimuli Lutticken et al., 1995; Wen et al., 1995; Zhang et al., 1995) . To determine if insulin-induced Stat3 activation is regulated in a similar fashion we ®rst pre-treated A14 cells with genestein, a tyrosine kinase inhibitor, or H7 a serine/ threonine kinase inhibitor, and then stimulated them with insulin. As can be seen from Figure 4a , increasing amounts of genestein potently inhibit insulin-induced Stat3 DNA-binding activity, while relatively high concentrations of H7 have no eect. The lack of eect of H7 on insulin-induced Stat3 DNA-binding is in contrast to that observed by Zhang et al., (1995) where H7 was shown to inhibit the formation of interferon-induced DNA-complexes by Stat3 homodimers. However, this eect has not been widely observed and appears to be both sequence-speci®c and cell-type speci®c (Coer et al., 1995b; Lutticken et al., 1995; Boulton et al., 1995) .
Although hemopoietic cytokine receptors appear to require JAK tyrosine kinase activity for STAT DNAbinding activity Watling et al., 1993) recent data has suggested that for growth-factor receptors this is not the case (Leamann et al., 1996; Vignais et al., 1996) . These studies have demonstrated that either the intrinsic kinase activity of these receptors or an unde®ned downstream tyrosine kinase is involved. To determine whether p21ras may be involved in activation of Stat3 DNA-binding, we utilized a recombinant vaccinia virus expressing an interfering mutant of p21ras, p21ras
Asn717
. Previously we have demonstrated that in A14 cells this recombinant virus inhibits insulin-induced activation of ERK2 completely, but there is no inhibition of insulin-induced phosphatidylinositol-3(OH) kinase activity (de Vries-Smits et al., 1992). A14 cells were infected with wild-type vaccinia virus (vv-wt) and vvRas Asn717 and after 16 h stimulated for the indicated times with insulin. Nuclear extracts were prepared and gel-retardation analysis performed ( Figure 4b ). As can be seen there is no eect of p21ras
Asn717 expression on the insulin-induced DNA-binding activity of Stat3. This is in agreement with the results of Silvennoinen et al. (1993) who demonstrated that dominantnegative p21ras did not inhibit STAT DNA-binding in response to PDGF. As a control, total cell-lysates were prepared in parallel and analysed by anti-ERK2 western blotting for activation of MAP kinase phosphorylation ( Figure  4c ).
Expression of p21ras
Asn717 completely inhibits the insulin-induced activation of ERK2 phosphorylation. These data demonstrate a role for tyrosine kinase but not serine kinase activity in insulin-induced Stat3 DNA-binding independently of p21ras activation.
Insulin-induced Stat3 transactivation is independent of p21ras, MAP kinase or PI-3(OH) kinase activation
We and others have recently reported a role for serinephosphorylation in mediating the transactivation potential of STAT transcriptional factors and it has been suggested that this phosphorylation could be mediated by the ERK1/ERK2 MAP kinases Lutticken et al., 1995; Wen et al., 1995; Zhang et al., 1995; David et al., 1995) . Previous data has demonstrated that p21ras was not involved in STAT DNA-binding, a tyrosine-kinase dependent process . However, these studies did not address the question of transactivation, an independent process, as previously mentioned, involving serine-phosphorylation (reviewed: Ihle, 1996b ). To investigate whether there was a role for p21ras-ERK signal transduction in the case of insulinstimulated Stat3 transactivation, we analysed the eects of dominant-negative expression constructs and protein kinase inhibitors on insulin-mediated Stat3 transactivation ( Figure 5 ). A14 cells were transiently transfected with either a pIRE CAT-reporter construct or an SRE CAT-reporter (Coer et al., 1995a) . Stimulation of cells with insulin resulted in an induction of CAT-activity for both reporter constructs (IRE, tenfold; SRE, ®vefold). The addition of p21ras
Asn717 results in only a minor reduction of IREmediated CAT-activity, compared to an almost complete inhibition of insulin-stimulated SRE CATactivity. Use of an interfering-mutant of c-raf (NDRaf) gave essentially the same results (data not shown). We utilized several protein kinase inhibitors: H7, previously shown to inhibit Stat3 transactivation Lutticken et al., 1995) ; wortmannin, a potent phosphatidylinositol-3(OH) kinase (PI-3(OH) kinase) inhibitor (Wymann et al., 1996) ; and PD098059 a recently described speci®c MEK inhibitor shown to inhibit the activation of MAP (Allessi et al., 1995; Dudley et al., 1995) . Addition of 50 mM H7 results in a potent inhibition of IRE-mediated CAT-activity while the use of 100 nM wortmannin, sucient to inhibit PI-3 kinase (data not shown), results in no eect on IRE-mediated CAT activity (Figure 5a) . Finally, the use of PD098059 results in only a very minor reduction of IRE-mediated CAT-activity.
To determine the eect of these kinase inhibitors on activation of MAP kinases by insulin, we analysed both insulin-mediated phosphorylation of ERK2 (Figure 5b ) and also insulin-induced activity of ERK1 ( Figure 5c ). As can be clearly seen in Figure  5b , insulin stimulates a complete shift of ERK2 in A14 cells. Pre-treatment of cells with either wortmannin or H7 does not result in a decrease in this phosphorylation/shift. However, pre-treatment of A14 cells with PD098059 completely inhibits insulin-stimulated ERK2 phosphorylation. Furthermore, we analysed the insulin-stimulated ERK1 activity in A14 cells with and without pre-treatment with PD098059 ( Figure 5c ). Cells were transiently transfected with an epitopetagged ERK1 construct (Burgering and Coer, 1995) and after insulin-treatment HA-ERK1 was immunoprecipitated and MBP-phosphorylating activty determined. Insulin stimulates a dramatic increase in ERK1 activity and this is completely inhibited by preincubation with PD098059. Pre-treatment with H7 resulted in no detectable decrease in ERK1 MBPphosphorylating activity (data not shown).
Taken together these data suggest that IRE-activity is inhibited under conditions that do not inhibit MAP kinase activation and conversely conditions that inhibit MAP kinase activation do not inhibit Stat3-transactivation. This result is in contrast to the recent report of David et al. (1995) which demonstrated a role for MAP kinase in IFNa/b stimulated Stat1 activation.
We and others have reported that activation of Stat3 results in serine phosphorylation causing a reduction in migration during polyacrylamide gel electrophoresis Lutticken et al., 1995; Ceresa and Pessin, 1996) . To determine if insulin stimulated Stat3 phosphorylation was inhibited by pre-incubation with H7, PD098059 or wortmannin, A14 cells were transfected with a Stat3 expression construct. After pre-incubation with inhibitors, cells were stimulated Asn717 . A14 cells were infected as above and treated with or without insulin for 5 min. Samples were analysed for ERK2 phosphorylation by SDS ± PAGE and aERK immunoblotting. Arrows indicated the position of ERK2 with insulin for 15 min before lysis and Stat3 immunoprecipitation. Samples were resolved by 10% SDS ± PAGE and analysed by anti-Stat3 western blotting. As can be seen in Figure 5c , insulintreatment results in an upshift in Stat3. Pre-treatment of A14 cells with H7, previously demonstrated to inhibit serine-phosphorlation of Stat3 Lutticken et al., 1995) indeed inhibited the Stat3-upshift. However, treatment with PD098059 or wortmannin failed to reduce Stat3 migration supporting the conclusions reached that neither p21ras-ERK or PI-3K signalling in¯uences the transactivation or serine-phosphorylation of Stat3.
Discussion
The recent cloning of the STAT transcription factors has resulted in their identi®cation as playing a prominent role in stimulus-mediated gene expression (Schindler and Darnell, 1995; Ihle, 1996a) . Furthermore, studies have implicated constitutive activation of STATs in transformed cells with the maintenance of the oncogenic phenotype (Daniel et al., 1995; Yu et al., 1995; Carlesso et al., 1996; Weber-Nordt et al., 1996; Shuai et al., 1996) . The evolutionary signi®cance of STATs has only become clear with the recent identi®cation and characterization of conserved Drosophilia STAT-homologues (Ihle, 1996a , Hou et al., 1996 Yan et al., 1996) . Initial work with the interferon receptors (IFN-a, IFN-b, IFN-g ) demonstrated a critical role for the JAK tyrosine kinases in mediating STAT activation by hemopoietic cytokine receptors that contain no intrinsic tyrosine kinase activity Silvennoinen et al., 1993; Watling et al., 1993) . However, more recent work with the EGF-and PDGF receptors has shown that other receptor families are capable of stimulating STAT transcription factors and that this activation appears to be independent of JAK kinase-activity (Leaman et al., 1996; Vignais et al., 1996) . The EGFR itself, for example, contains phosphorylated tyrosine residues in a local sequence environment that could potentially mediate STAT SH2-phosphotyrosine interactions, although no direct association in vivo has yet been shown Coer and Kruijer, 1995) . This observation suggests that for receptors with intrinsic tyrosine kinase activity, autophosphorylated tyrosine residues may provide docking-sites that bring STATs to the membrane where they can then be phosphorylated by the receptor kinase itself. The insulin receptor however, is somewhat dierent from the EGFR, as its major substrate IRS-1 tends to provide the phosphotyrosine residues necessary for docking of SH2-containing proteins rather than the autophosphorylated receptor itself (Sun et al., 1991 (Sun et al., , 1993 Skolnik et al., 1993) . The phosphorylation of IRS-1 upon tyrosine residues results in interactions , wortmannin or PD098059 (Mek inhibitor). A14 cells were transfected with either 4 mg of tk36SRE-CAT or tk46IRE-CAT reporter construct together with 4 mg pSV 2 -lacZ as an internal control for transfection eciency. Pre-treatment with inhibitors was for 20 min. Transfected cells were stimulated with insulin (1 mg/ ml) for 6 ± 8 h and CAT assays were performed on samples corrected for b-galactosidase activity. Data represents the mean of three independent experiments + s.e.m. Left panel: 1, unstimulated; 2, 2 mg p21ras Asn17 ; 3 ± 4, insulin (1 mg/ml) and 4, 2 mg p21ras Asn17 . Right panel: 1, unstimulated; 2 ± 6, insulin (1 mg/ml); 3, 50 mM PD098059; 4, 50 mM H7; 5, 100 nM wortmannin; 6, 2 mg p21ras Asn17 . (b) Insulin-mediated MAP-kinase activation is inhibited by PD098059 but not by H7 or wortmannin. A14 cells were pre-incubated for 20 min with or without inhibitors as indicated. Cells were then stimulated for 5 min with insulin (1 mg/ml), lysed in sample buer and analysed by SDS ± PAGE with anti-ERK western blotting. The position of the phosphorylated form of ERK2 is marked by an arrow. For kinase assays, A14 cells were pre-treated for 20 min with or without MEK-inhibitor and then stimulated for 5 min with insulin (1 mg/ml). HA-ERK1 was immunoprecipitated as described in Materials and methods and MBP-phosphorylating activity analysed. (c) Insulin stimulated STAT3 phosphorylation is inhibited by H7 but not PD098059 or wortmannin. A14 cells were transfected with 4 mg pSG5-Stat3. Sixteen hours before stimulation media was refreshed to DMEM+0.5% FCS. Inhibitors H7 (50 mM), PD098059 (50 mm) and wortmannin (100 nM) were pre-incubated for 30 min. After addition of insulin (1 mg/ml) for 15 min, Stat3 was speci®cally immunoprecipitated and analysed by 10% SDS ± PAGE and anti-Stat3 Western blotting. The position of unphosphorylated and phophorylated Stat3 is marked with an arrow with PI-3(OH) kinase, SHPTP-2 and GRB2. However, neither the autophosphorylated sites in the insulin receptor itself, or the tyrosine phosphorylated residues in IRS-1, conform to the Stat3 binding-motif YXXQ recently described, or Stat1 binding motifs identi®ed in the IFN-g receptor (Greenlund et al., 1995; Stahl et al., 1995) . Thus it is at the moment unclear as to how the insulin-induced Stat3 is being brought to the membrane for activation.
The treatment of A14 cells with insulin results in only Stat3 activation, even with very high insulin concentrations (1 mg/ml). This is in direct contrast to that observed with IFN-a in the same cells which is able to activate Stat1, Stat3 and heterodimers thereof (Figure 3b) . Interestingly NIH3T3 cells stably transfected with the EGFR (Her14) are also able to strongly activate Stat1, Stat3 and heterodimers thereof Coer and Kruijer, 1995) . This indicates that there are signi®cant dierences between these two tyrosine kinase receptors in the same cell-type. As mentioned, this may be accounted for by the phosphotyrosine docking-sites provided by both receptors, or otherwise by an inability for the insulinstimulated tyrosine kinase to phosphorylate Stat1a. While the EGFR tyrosine kinase appears to be able to directly phosphorylate and activate Stat1 (Quelle et al., 1995) , this has not been determined for the insulin receptor.
The insulin-induced Stat3 complex was able to bind the SIE transcriptional element from the c-fos promoter as demonstrated by competition studies (Figure 2) . Transgenic mouse studies have implicated this transcriptional element as a mediator of c-fos expression in vivo (Robertson et al., 1995) . Recently, Hill and Treisman (1996) have reported that in NIH3T3 cells, CSF-1, PDGF and EGF activate the c-fos promoter via co-operation of the SIE and SRE. However, activation by the SRE is context-dependent such that interferons can activate STAT DNA-binding activity and transcription of SIE reporter genes, but not the c-fos promoter which requires additional p21ras-dependent signals. Insulin-mediated SRE-activation is inhibited by p21ras
Asn717 while IRE-induction is not (Figure 5a ). Thus, insulin activation of c-fos expression could also be envisaged to occur via synergistic interaction of Stat3 SIE-binding and p21ras-mediated SRF/TCF-binding.
During the preparation of this manuscript, an article concerning insulin-induced serine phosphorylation of Stat3 was published (Ceresa and Pessin, 1996) . This study utilised both CHO cells expressing the human insulin receptor and dierentiated 3T3L1 adipocytes. In agreement with our study, the authors show that Stat3 is the only target of insulin-induced STATactivation. However, Ceresa and Pessin analyse only an electrophoretic mobility shift of STATs by Western blotting in response to insulin and do not analyse the functional signi®cance of this with respect to DNAbinding or transactivation (Ceresa and Pessin, 1996) . In this paper we demonstrate by gel-retardation and supershift analysis that insulin only induces Stat3 DNA-binding ( Figure 3 ) and results in transactivation of reporter constructs (Figure 2) .
Recently an interesting possibility has arisen that the p21ras-pathway may interact with the JAK-STAT pathway at the level of MAP kinase (reviewed: Ihle, 1996b) . Although previous studies have addressed the role of p21ras in STAT DNA-binding, the question as to a potential transactivation function was not investigated . We and others have previously demonstrated that Stat3 is serine phosphorylated by an H7-sensitive kinase and that this phosphorylation is necessary for transactivation Lutticken et al., 1995) . Furthermore, Wen et al. (1995) demonstrated that Stat1a is serine-phosphorylated at a site conserved in and that this site could also potentially be phosphorylated by MAP kinase. Most recently, a report showed that interferons not only activate MAP kinase activity, but there is an in vivo association between Stat1 and ERK2 (David et al. 1995) . Utilising dominant-negative ERK2 it was demonstrated that transcriptional activation of an ISRE reporter construct is reduced by 60%. Our data is in marked contrast to that of David et al., (1995) . In A14 cells, MAP kinase activation is dependent on p21ras. Thus, co-transfection of p21ras
Asn717 inhibits SRE induction in these cells, as this appears to be MAP kinase-dependent while there is no eect on IRE induction ( Figure 5 ). Furthermore, utilising the speci®c MEK inhibitor (PD098059) we demonstrate that although both ERK1 and ERK2 activity is abolished, insulin-induced IREactivity is still present. Finally, H7 which is a potent inhibitor of Stat3 transactivation Lutticken et al., 1995) , does not eect MAP kinase activation in A14 cells ( Figure 5 ). Taken together, these data demonstrate that insulin-induction of Stat3 activity in NIH3T3 cells is independent of p21ras-ERK signalling, and also appears to be independent of PI-3(OH) kinase activity as shown by the lack of eect of high concentrations of wortmannin, a potent PI-3(OH) kinase inhibitor ( Figure 5) . A very recent report has implicated PI-3K as a mediator of Stat3 activation (Pfeer et al., 1997) . The p85 regulatory subunit of PI-3K was found bound to Stat3 in association with interferon-a receptor and underwent interferon stimulated tyrosine phosphoryation. In contrast to our data ( Figure 5 ), Pfeer et al. demonstrate that incubation of cells with wortmannin does inhibit interferon-a induced Stat3 phosphorylation, as measured by gel-shift. These data suggest that in contrast to our data with insulin, interferon-a stimulated Stat3 serine-phosphorylation may be mediated by a PI-3K dependent pathway. Thus the signalling pathways utilised in stimulation of STAT-transactivation potential are likely to involve both receptor-speci®c and cell-type speci®c downstream events.
The question arises as to which kinase may be responsible for the transactivating phosphorylation of Stat3? Potential candidates could include the JNK/ SAPKs which not only activate Jun transactivation but also ATF-2 and ETS-family members Kyriakis et al., 1994; Minden et al., 1994; Sanchez et al., 1994; Su et al., 1994; Gupta et al., 1995) . These protein kinases could potentially phosphorylate the Pro-Met-Ser-Pro motif in Stat3 and may be activated by many of the stimuli that can activate this transcription factor. Indeed, it has recently been reported that insulin can activate JNK/SAPKs (Miller et al., 1996) . Further experiments will no doubt identify the potential roles of MAP kinase and other`Ser-Pro'-directed kinases in STAT transactivation.
Materials and methods
Cell culture, reagents and antibodies A14 cells have been previously described (Burgering et al., 1991) and were cultured in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS). Prior to stimulation cells were cultured for 16 h in DMEM supplemented with 0.5% FCS. Insulin receptor-b, Stat1a and Stat3 antibodies were purchased from Santa Cruz Biotechnology Inc., Santa Cruz; anti-phosphotyrosine antibody (PY20) was purchased from Transduction Labs, Kentucky. Wortmannin, genestein, PD098059 and H7 were purchased from BioMol Research laboratories Inc., PA. ERK2 and 12CA5 antisera have been previously described (de Vries-Smits et al., 1992; Burgering and Coer, 1995) .
Insulin receptor tyrosine phosphorylation
After stimulation with insulin, cells were lysed in 2 mM Tris-Cl pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 0.1% SDS, 1 mM EDTA, 1mM PMSF, 100 mM NaF, 0.1 mM aprotinin and 1 mM sodium orthovanadate. Lysates were cleared by centrifugation at 48C for 10 min at 14000 g. Cleared lysates were then incubated with the appropriate antibodies on a rotating wheel at 48C for 2 h. After this time Protein-A sepharose was added to the samples at 48C for a further 1 h. Precipitates were washed three times with lysis buer, resuspended in Laemmli buer and heated for 5 min at 958C before running on a 12.5% SDSpolyacrylamide gel. Proteins were transferred to Immobilon-P (Amersham) and immunoblotted with PY20 antisera according to standard protocols. Blots were developed utilising Enhanced Chemiluminescence (ECL, Amersham).
Stat3 and ERK2 phosphorylation
Cells were cultured as described above and stimulated with insulin. After treatment, cells were washed twice in ice-cold PBS and either immediately lysed in sample buer (ERK2) or immunoprecipitated with anti-Stat3 sera. After being heated for 5 min at 958C, total cell-lysates were run out on 10% SDS-polyacrylamide gels. Proteins were transferred to Immobilon-P and incubated with either polyclonal ERK2 antisera or polyclonal Stat3 antisera as described above. Detection was with ECL.
Transient transfections and CAT assays
For transient transfection experiments, A14 cells were seeded at 2.0610 5 cells per well in 6-well plates and 24 h later transfected with 10 mg of plasmid DNA containing a mixture of CAT-reporter, expression plasmid and pSV-lacZ control by the calcium phosphate precipitation technique. The following day the media was refreshed and cells grown for a further 8 h. Cells were washed twice with PBS and media changed to DMEM supplemented with 0.5% FCS O/N. Inhibitors were pre-incubated for 30 min and insulin added for 6 ± 8 h. Samples were harvested and CAT assays performed on b-galactosidase corrected samples as described before (Coer et al., 1994) .
Gel retardation assays
Nuclear extracts were prepared from unstimulated and stimulated A14 cells following a previously described procedure (Andrews and Faller, 1991) . pIRE(IC): 5'-agcttAGGTTTCCGGGAAAGCAc-3'; pmIRE(IC): 5'-AGGC-GCGAGGTTAGCGGTCAAGCAGCACCGC -3'; a 2 -M: 5'-gatcCTTCTGGGAATTCCTA-3' and SIE 5'-agcttCAGTTCCCGTCAATCc-3' oligonucleotides were synthesised and double-stranded oligonucleotides prepared by annealing the complementary strands. Oligonucleotides were labelled by ®lling in the cohesive ends with a 32 P-dCTP using the Klenow fragment of DNA polymerase I. DNA fragments were separated from unincorporated oligonucleotides by polyacrylamide gel electrophoresis. Gel retardation assays were carried out according to published procedures (Fried and Crothers, 1981) . Brie¯y, 5 mg nuclear extract was incubated in a ®nal volume of 20 ml, containing 10 mM HEPES pH 7.8, 50 mM KCl, 1 mM EDTA 5 mM MgCl 2 , 10% (v/v) glycerol, 5 mM dithiothreitol, 2 mg poly(dl-dC) and 20 mg bovine serum albumin with 0.1 ± 1.0 ng 32 P-labelled pIRE oligonucleotide for 20 min at room temperature. In some experiments excess cold oligonucleotides were ®rst added for 10 min at 48C. Subsequently, samples were run for 2 h on a 5% nondenaturing polyacrylamide gel at room temperature, vacuum dried and exposed to Fuji RX ®lm at 7708C for 1 ± 2 days.
Recombinant vaccinia virus infections
Vaccinia virus infections were performed essentially as described in de Vries-Smits et al. (1995) . In brief, recombinant viruses, vv-wt and vv-Ras Asn17 were grown in HeLa cells (titre: 10 9 virus particles per ml). Semi-con¯uent 10 cm dishes of A14 cells were infected with 10 p.f.u. recombinant or wild-type virus in serum-free medium. After 60 min the medium was replaced and cells were kept in DMEM supplemented with 0.5% FCS and 10 mM hydroxyurea to block DNA synthesis and late viral gene expression. After 16 h the cells were incubated with insulin (1 mg/ml) for 15 min and duplicate dishes harvested either for gel retardation analaysis or ERK Western blotting as previously described.
Measurement of ERK1 activity
A14 cells were seeded per 5 cm dish in DMEM supplemented with 10% FCS and transfected with epitope-tagged HA-ERK1 (Burgering and Coer, 1995) as described above. After stimulation, cells were washed twice in ice-cold PBS and lysed in 50 mM Tris-Cl pH 75, 100 mM NaCl, 50 mM NaF, 5 mM EDTA, 40 mM bglycerophosphate, 1 mM sodium orthovanadate, 1% TX-100, 0.1 mM aprotinin and 1 mM PMSF. Lysates were precleared for 30 min at 48C with protein A-sepharose and HA-MAP kinase immunoprecipitated with 12CA5 coupled to protein A-sepharose for 2 h at 48C. After washing twice with lysis-buer, samples were washed twice with kinase buer without ATP. Precipitates were then incubated in 25 ml kinase buer: 30 mM Tris-Cl pH 8.0, 20 mM MgCl 2 , 2 mM MnCl 2 , 10 mM rATP, 7.5 mg myelin basic protein and 0.3 mCi [g 32 P]ATP for 20 min at 308C. Reaction was stopped by the addition of 56 Laemmli sample buer. Samples were separated by electrophoresis on 15% SDSpolyacrylamide gels. MBP phosphorylation was detected by autoradiography.
